Abstract
Introduction
Previous cortical thickness studies in Dementia with Lewy Bodies at the stage of dementia (DLB-d) compared to Alzheimer's disease at the stage of dementia (AD-d)have reported thinning in the cingulate cortex, temporo-parieto-occipital areas, orbito-frontal cortex and insula [13, 14] . However the precise pattern of atrophy in pro-DLB is not known although one might hypothese posterior cortical changes might be a feature given: 1) Visuospatial dysfunction and the manifestation of visual hallucinations may be early features of DLB [9, 10, 15] ; 2) There is tentative evidence from several studies using [18F]-fluoro-d-glucose (FDG) positron emission tomography (PET) [16] that patients with prodromal DLB symptoms have occipital hypometabolism [17] .
Therefore the primary aim of this study was to investigate CTh patterns in subjects with pro-DLB and we report MRI patterns of CTh in subjects with DLB at the stage of MCI (pro-DLB) and established dementia (DLB-d), AD at the stage of MCI (pro-AD) and dementia (AD-d),as well as data from healthy elderly controls (HC).We included comparator disease groups to explore how cortical thinning may evolve from an early stage of disease (pro-DLB and pro-AD) to later established disease (DLB-d and AD-d); similarly inclusion of pro-AD group was also considered relevant as this would be the group from which pro-DLB would most likely need to be most distinguished from in clinical practise.
We hypothesised that in pro-AD, the pattern of cortical thinning would involve predominantly the temporal lobe, and parietal association cortices. In contrast, we expected that the pattern of cortical thinning in pro-DLB would be less diffuse involving predominantly posterior structures.
Patients and Methods

Ethics
The research was approved by the local ethics committee from SXB named "Comité de Protection des PersonnesEst IV" and NCL named "NRES Committee North East Sunderland" and "NRES Committee North East Newcastle & North Tyneside 2". All subjects or, where appropriate, their nearest relative, provided written informed consent.
Subjects, assessments and diagnosis
One hundred and sixty eight individuals suspected of DLB or AD over the age of 50 were recruited (see Fig 1: flow chart) from two European centres: 80were recruited from a community dwelling population of patients referred to local Old Age Psychiatry, Geriatric Medicine or Neurology Services from Newcastle upon Tyne (NCL); 88 were recruited from the tertiary Memory clinic (CMRR) of Strasbourg (SXB) including Neurology and Geriatric Medicine Services. Subjects underwent detailed clinical and neuropsychological evaluations. Common elements between centres included the assessment of motor parkinsonism with the Unified Parkinson's Disease Rating Scale Part III (UPDRS-III) [18] , the Clinician Assessment of Fluctuation (CAF) [19] ,the Mini-Mental State Examination (MMSE), the Clinical Dementia Rating scale (CDR), the trail making task A(TMTA) and B (TMTB). For TMT A and B, normative data from Tombaugh were used [20] . The neuropsychological evaluation of SXB included the Free and Cued Selective Reminding Tests (FC-SRT)for verbal memory, DMS-48 for visual recognition memory, forward and back ward Digit span, WAIS code for attention and speed processing, Frontal Assessment Battery (FAB) and phonemic fluencies for executive functions, semantic fluencies, Oral denomination 80 items (DO80) for language, the Rey-Osterrieth Complex Figure Test and Mahieux praxis evaluation. The neuropsychological evaluation of NCL was a comprehensive neuropsychological battery: the Cambridge Cognitive Examination (CAMCOG) as well as F-A-S test and semantic fluencies. For the purposes of this paper we report only those scales which were common to both centres (e.g. MMSE, TMTA and TMTB).
Pro-AD (n = 23),pro-DLB (n = 23), AD-d (n = 11), DLB-d (n = 3)(see Table 1 )patients from SXBunderwent Cerebrospinal fluid (CSF) analysis including measurement of tau, phospho-tau, and amyloid-beta (1-42) (Innognetics'sInnotest, ELISA).Assessment of medial temporal atrophy on brain MRI was performed using the standardised Scheltensscale (5 categories, 0-4) with 0 corresponding to no atrophy [21] . Anaetiologic diagnosis of the neurocognitive disorder for each patient was made using Dubois' criteria for pro-AD (n = 27, 26 from SXB, 1 from NCL) and AD-d (n = 54, 16 from SXB, 38 from NCL) [6] ,and McKeith's criteria (probable DLB; two core symptoms) for DLB-d (n = 31, 3 from SXB, 28 from NCL) [1] .Pro-DLB patients (n = 28, 26 from SXB, 2 from NCL) were defined as patients with MCI (Petersen criteria) [22] , and a CDR of 0 or 0.5, and by McKeith's criteria (meeting probable DLB criteria except presence of dementia) [1] and this maps onto recent suggestions for potential pro-DLB criteria [8] . Similarly33 aged healthy and cognitively intact (no MCI) subjects were recruited from among relatives and friends of subjects with neurocognitive disorders or volunteered via advertisements in local community newsletters inNCL and SXB. Exclusion criteria for participation in the study included contraindications for MRI, history of alcohol/substance misuse, evidence suggesting alternative neurological or psychiatric explanations for their symptoms/cognitive impairment, focal brain lesions on brain imaging or the presence of other severe or unstable medical illness.All patients had formal assessment of their diagnosis bythree independent expert clinicians (JPT, AT, FB for NCL and FB, BC, NP for SXB) and controls underwent similar clinical and cognitive assessments to patients to exclude any that may have had an occult MCI or dementia.Patients with concomitant AD and DLB i.e.meetingbothMcKeith's(for probable DLB) and Dubois' criteria were also excluded (see Fig 1) .
MRI data acquisition
Subjects from NCL and SXB underwent T1 weighted MR scanning on a 3T MRI systemwithin 2 months of the study assessment. 
Imaging processing
Estimates of CTh were performed from cortical surface reconstructions computed from T1 weighted images using FreeSurfer (v. 5.1, http://surfer.nmr.mgh.harvard.edu/). The technical aspects of these methods have been described,in detail, elsewhere [23, 24] . In brief, the processing stream involved intensity non-uniformity correction, Talairach registration, removal of non-brain tissue (skull stripping), white matter (WM) and subcortical grey matter (GM) segmentation, tessellation of the GM-WM boundary then surface deformation following GM-CSF intensity gradients to optimally place GM-WM and GM-CSF borders [23, 24] . Once cortical models were generated, surface inflation, transformation to a spherical atlas and parcellation of the cerebral cortex into regions based on gyraland sulcal structure were carried out [25] . This technique used both intensity and continuity information from the entire 3D MR volume in the segmentation and deformation procedures to produce representations of CTh, calculated as the closest distance from the GM-WM to GM-CSF boundaries at each vertex on the tessellated surface [26] .CTh measures were mapped to the inflated surface. All images were then aligned to a common surface template and smoothed with a 20mm full width at half maximum (FWHM) surface based Gaussian kernel.
Visual inspection of images at each step of the FreeSurfer processing stream were carefully carried out (by FB and SJ.C) to ensure accurate Talairach transformations, skull strips, deep GM and white/pial surface generation and tissue classifications. During this procedure,pial and/or WM surface errors were initially identified in 47scans. Manual correctionswere then performed on these scans such as removal of dura mater and/orthe applicationof a set of WM control points as required, before regeneratingthe pialor WM surfaces or both.Modification to the processing stream resulted in successful cortical surface regeneration of31 scans. However, the remaining 16scans (1 healthy subject, 5AD-d, 1 pro-AD, 2 DLB-d and 7 pro-DLB), still exhibited significant pial or WM surface errors and were therefore excluded. The dataset for subsequent CTh analysis therefore comprised of 33 controls, 54 AD-d, 31 DLB-d, 27 pro-AD and 28 pro-DLB.
Statistical analysis
The Statistical Package for Social Sciences software (SPSS ver. 21.0.0.0, http://www-01.ibm. com/software/analytics/spss/) was used for further statistical evaluation as required. Where appropriate, differences in demographic and clinical data were assessed using parametric (ANOVA, t-tests) and non-parametric tests (Kruskall-Wallis H, Mann-Whitney U). Posthocanalyses employedTukey and Mann-Whitney U for ANOVA and Kruskall-Wallis tests respectively.For categorical measures, χ 2 tests were applied. For each test statistic, a probability value of <0.05 was regarded as significant. Cortical thickness. Regional CTh between groups were examined on a vertex-wise basis using the general linear model (GLM), performed with the QDEC software (http://surfer.nmr. mgh.harvard.edu/fswiki/Qdec).
CTh was modelled as a function of group, controlling for effects of age and where applicable 'MRI site sequence' as nuisance covariates. CTh = 1 Group1 + β 2 Group2 + β 3 Age+ β 4 Sequence +μ + ε (where μ is a constant and ε is error). Contrasts of interest were calculated using twotailed t-tests between the group estimates β 1 and β 2 . Surface maps showing significant differences between groups were then generated. Effects of CTh on global cognition(MMSE) were investigatedwith age and MRI site sequence as nuisance variables. CTh was modelled as a function of covariate of interestCTh = β 1 MMSE+β 2 Age + β 3 Sequence+μ+ ε. Contrasts of interest were calculated from the estimate β 1 , and whether β 1 was significantly different from zero. For all statistical analyses, a false discovery rate approach (FDR) was used.
Results
Subject characteristics
The demographic data for patients and healthy subjects are summarised in Table 1 . Subject groups were well matched for education, gender and handedness. Patients with prodromal disease were younger than patients with dementia.Of the patients with pro-AD 9 presented with amnestic MCI single domain and 18 with amnestic MCI multiple domain.Of the patients with pro-DLB 2 presented with amnestic MCI multiple domain, 13 with non-amnestic MCI single domain and 13 with non-amnestic MCI multiple domain. For pro-AD and pro-DLB, MMSE scores were similar, and higher than in AD-d and DLB-d groups. For TMTA, patients with DLB (pro-DLB or DLB-d) were more impaired than the healthy control group. DLB-d patients were also more impaired than pro-AD. For TMTB, patients with dementia (DLB-d and AD-d), and pro-DLB were more impaired than healthy controls.As expected, CDR scores were higher in the dementia groups than in the prodromal groups.Bothpro-DLB and DLB-d had significantly higher motor parkinsonism (UPDRS III scores), higher CAF score, and higher prevalence rate of REM sleep behaviour disorder (RBD) than the other groups. Patients with DLB (prodromal or dementia) were also on dopaminergic treatment and DLB-d patients had the highest usage of neuroleptics (clozapine and quetiapine) compared to other groups.Across AD and DLB, patients with dementia weremore often taking cholinesterase inhibitors than prodromal patients.Patients with AD (prodromal and dementia) had a greater number ofabnormal CSF biomarkers than DLB (prodromal and dementia). Visual rating of atrophy on MR scans found overall patients with dementia had greater hippocampal atrophy than controls, whilst DLB-pro had less atrophy than either AD or DLB-d.
Comparison of pro-DLB and healthy subjects
Areas of cortical thinning in pro-DLB compared to healthy subjects are shown in Fig 2 ( first column), (n = 61, df = 58, p<0.001, uncorrected) and Table 2 (A). Two clusters were noted on the right hemisphere: right insula/pars opercularis and in the right medial orbitofrontal regions. No difference in cortical thinning was found post FDR correction (<0.05).
Comparison of pro-AD and healthy subjects
Areas of cortical thinning in pro-AD compared to healthy older individuals are shown in Fig 2  ( third column, n = 63, df = 59, p<0.05, FDR corrected) and Table 2 (B). In pro-AD, cortical thinning was diffuse and involved temporal, parietal and frontal lobes. The most significant areas affected were confined to the parietal lobes.
Comparison of DLB-d and healthy subjects
Regions of cortical thinning in DLB compared to healthy subjects are presented in Fig 2 ( second column, n = 64, df = 60, p<0.05, FDR corrected) and Table 2(C). In DLB-d, there was generally less cortical thinning than in AD-d when compared to healthy subjects. Significant areas involved were the bilateral temporo-parietal junction, insula, cingulate and orbitofrontal cortices, lateral occipital lobes and superior frontal and anterior cingulate.
Comparison of AD-d and healthy subjects
Cortical thinning in AD-d compared to healthy older subjects are represented in Fig 2 ( fourth column, n = 87, df = 83, p<0.05, FDR corrected) and Table 2 (D). In AD-d, cortical thinning was bilaterally diffuse and involved large areas of the temporal, parietal, frontal and occipital lobes. The most significant areas affected included the entorhinal cortices, parahippocampal gyri and parietal lobes.
Comparison of pro-AD and pro-DLB
Regions of cortical thinning comparing pro-AD and pro-DLB are displayed in Fig 3 ( first column, n = 55, df = 51, p<0.05, FDR corrected) and Table 2 (E). In pro-DLB, there was generally less cortical thinning than in pro-AD. The most significant areas of thinning for pro-AD relative to pro-DLB were located in parietal lobes and left parahippocampal gyri, while for pro-DLB compared to pro-AD this was confined to the right insula and pars opercularis.
Comparison of AD-d and DLB-d
Comparing AD and DLB, areas of significant cortical thinning (Fig 3 second column, n = 85 , df = 81, p<0.05, FDR corrected, Table 2F ) were observed in AD-d compared to DLB-din the left entorhinal cortex.
Cortical thickness and cognition
We did not find an association between CTh and MMSE performance in pro-DLB (n = 28, df = 26, p>0.05 FDR corrected).However in DLB-d subjects there was a positive association between MMSE and CThin widespread right hemispheric cortical areas including the pars triangularis, superior frontal, medial orbitofrontal, middle temporal, supramarginal, inferior parietal regions as well as precuneus, pars opercularis and insula (n = 31, df = 27, p<0.05 FDR corrected).In combined DLB (pro-DLB and DLB-d, Fig 4) there was a positive correlation found in the bilateral temporal, parietal and insula, left cingulate, right isthmus and posterior cingulate, bilateral rostral middle frontal and superior frontalgyri, left medial orbitofrontal and right lateral orbitofrontal(n = 59, df = 55, p<0.05 FDR corrected).No association was observed in pro-AD (n = 27, df = 23, p>0.05 FDR corrected).In AD-d subjects there was a positive relationship with MMSE and CTh in the cingulate cortex (rostral anterior, posterior, isthmus)and superior frontal regions of the left hemisphere (n = 54, df = 50, p<0.05 FDR corrected). For combined AD (pro-AD and AD-d, Fig 4) , a positive association was also identified in the left temporal lobe, cingulate (isthmus, posterior, rostral anterior), precuneus, fusiform, supramarginal, precentral and rostral middle frontal (n = 81, df = 77, p<0.05 FDR corrected).
Discussion
We report distinct, yet differing patterns of cortical thinning in pro-DLB, DLB-d, pro-AD and AD-d when compared to a group of healthy subjects. Pro-DLB was characterised by discrete cortical thinning in the right anterior insula and adjacent pars opercularis. Pro-AD was characterised by widespread cortical thinning in parietal lobe, and aspects of frontal and temporal lobes. The CTh comparison of the pro-DLB and pro-AD showed more cortical thinning in pro-AD in the parietal lobes and the parahippocampal regions. Only one region was thinner in pro-DLB than in pro-AD patients: the right anterior part of insula and the adjacent pars opercularis. Cortical thinning was evident in the temporoparietal junction, parts of the temporal lobes including parahippocampal regions, bilateral insula, cingulate cortices, lateral part of the occipital lobes, and superior frontal and orbitofrontal cortices in DLB-d when compared to healthy controls. These findings were consistent with previous reports using cortical thickness and Voxel-Based Morphometry(VBM) [14, 27] .In pro-DLB compared to healthy controls, there was evidence of cortical thinning in right frontal and insula regions, although this was only evident in uncorrected comparisons suggesting that cortical thinning, certainly in the prodromal stage of DLB is relatively mild.
AD-d was characterised by cortical thinning in confluent areas of parietal and temporal lobes, and a significant part of frontal and occipital lobes. The CTh comparison of the DLB-d and AD-d showed more cortical thinning in AD-d patients in left entorhinal cortex and this observation is in line with cortical thinning patterns reported in other independent DLB-d and AD-d datasets from the NCL group [14] . Furthermore this also aligns with other studies which have noted that DLB-d patients when compared to AD-d patients tend to haveless atrophy in the medial temporal regions particularly on the left [27] , and the anterior part [28] , but not in the posterior cortex [29] .Howevercomparisons involving AD-d were unbalanceddue to the larger sample size, and therefore may incur increased type I errors and assuch,these results should be interpreted more tentatively. Cortical Thickness in Prodromal DLB and Prodromal AD
In pro-AD cortical thinning was mainly seen in the parietal cortices; this is consistent with previous findings using freesurferwhich have shown parietal involvement in the early phase of AD but not the MTL; furthermore this pattern of atrophy has been demonstrated MCI patients with an AD trajectory [30] ,although it is notable that VBM has been shown to find more MTL atrophy than parietal with the same patients [31] . However from aCTh perspective, analysis with freesurfer can only partially assess the MTL and cannot be used assess hippocampal volumes. Nevertheless we confirmed on visual atrophy grading greater MTL atrophy in our AD-d cohort compared to DLB-d cohort in line with previously published data [14, 32] .
Correlations between MMSE and CTh in DLB (pro-DLB and DLB-d), and in AD (pro-AD and pro-DLB) showed key regions associated with cognitive decline. However, no correlation was found with prodromal patients, pro-AD or pro-DLB; this is likely to be a function of less atrophy in prodromal patients and limits on the range of MMSE scores in these groups and lack of sensitivity of the MMSE to subtle cognitive deficits.
A key finding was the observationthat right anterior insula was thinner in pro-DLB and this thinning became more manifest at the dementia stage. In comparison, in pro-AD insular thinning was not evident;this is not unexpected as this region is not a part of the cortical thinning signature in early AD [33] . However with disease progression in AD where there is markedcellular loss, there is evidence of widespread cortical thinning which included insular areas (Fig  2) . Thus insula thinning appears to be a feature of pro-DLB and not pro-AD but with time this difference becomes less apparent once dementia manifests. The thinning of the anterior insula was also associated with lower MMSE in the DLB-d and combined DLB-d and pro-DLB cohort. The insula isinvolved in integrating somatosensory, autonomic and cognitive-affective information to guide behaviour [34] , and specifically the anterior insula has been described as part of a 'salience network' due to its consistent activation during cognitively demanding tasks, and the ability of this network to switch between brain networks involved in cognition, including the central executive and default-mode network [35] .Interestingly, the anterior insular has certain specific neurons namely the Von Economo neurons (VENs), located in layer 5 of the cortex with a predominance in the right hemisphere, the same region we have found thinner in pro-DLB [36] .Because of the larger size of VENs compared to pyramid neurons, they are purported be involved in the fast assessment of complex situations [36] and the 'salience network' [37] and thus it might been hypothesized that deficits in this region might be pertinent to the cognitive slowing and attentional deficits which typify DLB. Certainly abnormal resting state functional connectivity encompassing areas such as the right insula and right frontal operculum has been previously observed in DLBpatients with cognitive fluctuations [38] .Interestingly, a recent voxelwisemeta-analysis on cortical atrophy of DLB patients at the stage of dementia found a bilateral insula atrophy [39] . Moreover, we recently described a right anterior insula atrophy of patients with cognitive neurodegenerative diseases and hallucinations [40] .
Our study has somelimitations.Perhaps most salient is the fact thatwhilst there is an increasing recognition that DLB has a prodromal state there is no consensus,as yet, regarding itsclinical definition. In the absence of this we have utilised a combination of pre-existing criteria for MCI and DLB criteria; however it is unknown whether these criteria are optimal for prodromal DLB and we have no neuropathological confirmation of the diagnoses of any of our patients at present. However, we have used McKeith's criteria which has excellent specificity (more than 95%) [41, 42] when compared to gold standard neuropathological diagnosis.In addition, we also excluded other pathologies such as psychiatric illness, other neurological diseases, and also co-occurrence ofAD and DLB (see flow chart). Furthermore more than 50% of our DLB patients have RBD, which improves the specificity of the diagnosis [43] .We also systematically looked for discrete clinical symptoms such as anosmia/hyposmia, constipation, and other autonomic features (data not shown) [44] ,as these have been previously demonstrated to improve the diagnostic specificity of the prodromal DLB patients [44] .Another limitation is the crosssectional nature of our study; longitudinal studies as in AD will be necessary for themapping the disease trajectory for patients in prodromal stage of DLB and how cortical thinning patterns evolve in DLB.
Another challenge in our study was the relatively modest number of patients studied and they spanned a range of disease severities.From a technical perspective, it could also be argued that a drawback of our study was the fact that data was collected from two sites with differing imaging protocols. However we controlled where possible for this in our analyses thus minimising this potential confound.Lastly, a possible future analysiswould be to examinethe reliabilityof the prodromal results for validation purposesusingresampling/subsampling techniques although this would require larger cohorts.
In conclusion, our data suggest that cortical thickness may be a sensitive measure for characterising grey matter atrophy in early stages of DLB and its variance with patterns of grey matter loss in early AD. In this context it may have a valuable role in delineating between prodromal states of DLB and AD, as well as helping shapefuture diagnostic criteria for prodromal DLB.
